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ATP Synthases: Insights Into Their Motor Functions
From Sequence and Structural Analyses
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INTRODUCTION

Received January 3, 2003; accepted February 1, 2003

ATP synthases are motor complexes comprisedocdiiel F parts that couple the proton gradient
across the membrane to the synthesis of ATP by rotary catalysis. Although a great deal of information
has been accumulated regarding the structure and function of ATP synthases, their motor functions
are not fully understood. For this reason, we performed the alignments and analyses of the protein
sequences comprising the core of the ATP synthase motor complex, and examined carefully the
locations of the conserved residues in the subunit structures of ATP synthases. A summary of the
findings from this bioinformatic study is as follows. First, we found that four conserved regions in
the sequence gf subunit are clustered into three patches in its structure. The interactions of these
conserved patches with tikleandg subunits are likely to be critical for energy coupling and catalytic
activity of the ATP synthase. Second, we located a four-residue cluster at the N-terminal domain of
mitochondrial OSCP or bacterial (or chloropla&8ubunit which may be critical for the binding of
these subunits to;FThird, from the localizations of conserved residues in the subunits comprising
the rotors of ATP synthases, we suggest that the conserved interaction site at the interface of subunit
andé (mitochondria) or (bacteria and chloroplasts) may be important for connecting the rotar of F

to the rotor of k. Finally, we found the sequence of mitochondrial subbrid be highly conserved,
significantly longer than bacterial sububitand to contain a shorter dimerization domain than that

of the bacterial protein. Itis suggested that the different properties of mitochondrial soibuejtbe
necessary for interaction with other proteins, e.g., the supernumerary subunits.

KEY WORDS: FoF; ATP synthase; biological motor; protein sequence alignment; bioinformatics.

held by a statowg trimer. In the core unit of thegmotor
that is composed acio_14, the proton-driven subund

ATP synthases are rotary motor complexes that play ring rotor rotates relative to the stat@r gubunit).
a central role in oxidative or photosynthetic phosphoryla- The simplest ATP synthases, i.e. those from nonpho-
tion, coupling the flow of protons down an electrochemical tosynthetic eubacterial sources are composed of eight dif-
gradient to the synthesis of ATP. ATP synthases are com-ferent subunit types (Fillingame and Divall, 1999), which
posed of two discrete sectors;(&d k) that are consid-  appear to be the minimal composition required for acti-
ered to be separate rotary motors working cooperatively vity. The chloroplast and photosynthetic bacterial ATP
(for reviews, see Capaldi and Aggeler, 2002; Pedersensynthases consist of nine different subunit types (Borghese
etal, 2000a). The essential part of therRotor is an ATP- et al, 1998; Richteet al, 2000). The mitochondrial ATP
drivenas B3y subcomplex in which the rotop(subunit) is synthase is more complicated, as the animal and yeast (or

fungal) enzymes are reported so far to consist of 16 and
20 different subunit types, respectively (Pederseal,

1 Department of Biological Chemistry, School of Medicine, Johns 2000b; Velours and Arselin, 2000). In addition, a poten-
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tial regulator named STFhas been identified recently in
should be addressed: e-mail: Yéast from a Blast search of the yeast genome and EST
database (Hong and Pedersen, 2002) (Fig. 1).
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Fig. 1. Schematic structure ofgFF; ATP synthase from bacteria and chloroplasts (A) and mitochondria (B).

During the last decade, great strides have been madeof the rotation of I using a video microscopic technige
in understanding the structure of ATP synthases, aresultinprovided direct evidence for the rotation of tiresub-
part from the convergence of biochemical and biophysical unit within the i motor of an ATP synthase (Nagit al,,
studies that have provided valuable information about the 1997; Tanabet al,, 2001). Despite this and other remark-
structures of these enzymes. Recently, the visualizationable progress, much more work needs to be carried out to
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fully understand the complicated motor function of ATP Hordeum vulgare, C. reinhardti-—Chlamydomonas
synthase. To gain structural insight into the rotary mo- reinhardtii, C. vulgaris—Chlorella vulgarisJapanese
tor functions of ATP synthases, we performed alignments black pine—Pinus thunbergii,Liverwort—Marchantia
and analyses of the protein sequences that comprise thgpolymorpha, Maize—Zea mays, Norway spruce-
motor components of ATP synthases. From these stud-Picea abies,Pea—Pisum sativumpPineapple—Ananas
ies together with an examination of conserved residues comosus, Rice—Oriza sativa, Sorghum—Sorghum
and structural motifs within the available X-ray crystallo- bicolor, Spinach—Spinacia oleraceaSweet potate-
graphic and NMR structures, we found several intriguing Ipomoea  batatas, Tobacce—Nicotiana tabacum,
structural features that may be related to the motor func- Wheat—Triticum aestivum;[Bacterial] A. aeolicus—
tions of ATP synthases. Aquifex aeolicus, A. ferrooxidans—Acidithiobacillus
ferrooxidans, AnabaenaPCC7120 A. tumefaciens—
Agrobacterium tumefaciens, Bacillus s@PS3 B.
MATERIALS AND METHODS aphidicola—Buchnera aphidicola, B. caldotenax—
Bacillus caldotenax, B. firmus—Bacillus firmus, B.
The protein sequences of the subunits of ATP halodurans—Bacillus halodurans, B. megaterium—
synthase were retrieved using PSI-BLAST database Bacillus megaterium, B. pseudofirmus—Bacillus pseud-
search (Altschuét al,, 1997; Altschul and Konini, 1998)  ofirmus, B. stearothermophilus—Bacillus stearother-
with the default parameters (BLOSUM62 matrix, 0.005 mophilus, B. subtilis—Bacillus subtilis, Buchnera sp.
as an E-value threshold, no low complexity filtering in APS C. acetobutylicum—Clostridium acetobutylicum,
the query sequence) on the nonredundant (nr) proteinC. jejuni—Campylobacter jejuni, E. coli—Escherichia
database. The protein sequences were aligned by thecoli, E. hirae—Enterococcus hirae, H. influenzae—
programs ClustalW (Thompson, 1994) and Macaw Haemophilus influenzae, H. pylori—Helicobacter
(Schuleret al, 1991) followed by manual adjustment. pylori, L. acidophilus—Lactobacillus acidophilus,
The sequence analyses for the prediction of secondaryM. gallisepticum—Mycoplasma gallisepticum, M.
structure, transmembrane helices, and structural motifsgenitalium—Mycoplasma genitalium, M. leprae—
were performed using pSAAM (Crofts, 1992), Peptool Mycobacterium leprae, M. thermoacetica—Moorella
(Wishartet al,, 2000), OMIGA (Kramer, 2001), SOSUI  thermoacetica, M. tuberculosis—Mycobacterium tuber-
(Hirokawaet al., 1998), TMHMM (Kroghet al., 2001), culosis, N. meningitidiZ2491—Neisseria meningitidis
Coiled-coil prediction server (Lupast al, 1991), and 72491, P. aeruginosa—Pseudomonas aeruginosa,
PredicProtein server (http://www.emblheidelberg.de/ P. didemni—Prochloron didemni, P. modestum—
predictprotein/predictprotein.html).  The  programs Propionicigenium modestum, P. multocida—Pasteurella
WebLab ViewerPro and Quanta were used for the multocida, R. blasticus—Rhodobacter blasticus, R.
representation of protein structures. The full names capsulatus—Rhodobacter capsulatus, R. prowazekii—
of the species of which the protein sequences are Rickettsia prowazekii, R. rubrum—Rhodospirillum
used in this study ar¢Fungi] A. bisporus—Agaricus  rubrum, S. bovis—Streptococcus bovis, S. lividans—
bisporus, K. lactis—Kluyveromyces lactis, N. crassa— Streptomyces lividans, S. mutans—Streptococcus mutans,
Neurospora crassa, S. pombe—SchizosaccharomycesS. typhimurium—Salmonella typhimurium, Synechococ-

pombe, Yeast—Saccharomyces cerevisia¢Eugleno- cus PCC6716, Synechocystis PCC6803, T. ferrooxidans—
zoa] E. gracilis—Euglena gracilis{Metazoa] African Thiobacillus ferrooxidans, T. maritima—Thermotoga
clawed frog—Xenopus laevis,Bovine—Bos taurus, maritima, V. alginolyticus—Vibrio alginolyticus, V.
C. elegans—Caenorhabditis elegandgrruit fly— cholerae—Vibro cholerae, X. fastidiosa—Xylella

Drosophila melanogaster, Human—Homo sapiens, fastidiosa.

Mouse—Mus musculus, Rat—Rattus norvegicus;

[Haptophyceae] O. neapolitana—Ochrosphaera

neapolitana; [Red Algae] Antithamnion sp., C. RESULTS AND DISCUSSION
caldarium—Cyanidium caldarium, P. purpurea—

Porphyra purpurea; [Stramenopiles] O. sinensis—  Interaction of the v Subunit With

Odontella sinensis, P. littoralis—Pylaiella littoralis, the « and 8 Subunits

P. tricornutum—Phaeodactylum tricornutumjCryp-

tomonads] G. theta—Guiillardia thetajGreen plants] The sequence alignment of thresubunit shows that
A. columnaris—Aegilops columnarlfalfa—Medicago the overall sequence is not that conserved in comparision
sativa, A. thaliana—Arabidopsis thalianaBarley— to thea and B subunits although subunit is one of the
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essential subunits for the function of therRotor (Fig. 2).
In the sequence alignments of thesubunits from differ-

Hong and Pedersen

The Potential Interaction Site of OSCP
(Mitochondria) or é (Bacteria

ent sources, the completely and highly conserved residuesand Chloroplasts) With F;

are distributed fairly clustered, and the clustered regions

are primarily localized in the upper and middle regions It has been reported that the mutation of the residue
of the paddle-like structure of this subunit. The lower Arg94 of rat OSCP caused defects in the interactions of
part of they structure as it protrudes from the bottom OSCP with  (Golden and Pedersen, 1998). Another
of F; comprises the middle part of the sequence. It con- study with bovine OSCP showed the same mutational
tains few completely or highly conserved residues. The effects when the N-terminal 28 amino acid residues of
residues conserved completely or completely with single bovine OSCP were deleted (Jogti al, 1996). In an
variation are found in more than 95% of the 27 protein attempt to better define the potential interaction sites of
sequences analyzed. These are clustered into four region®©SCP with k, we aligned the sequences of OSCP with

in the sequence of (I, 19-26; II, 85-88; Ill, 238-253;
IV, 264—282 inE. coli sequence). It was previously sug-

those of thé subunit (OSCP equivalent) from bacteriaand
chloroplasts, and then examined carefully the conserved

gested from a suppression mutagenesis study that threeesidues in the structure of tiesubunit’s N-terminal do-

segments in the sequenceyokubunit (18-35, 236—-246,
269-280 inE. coli sequence) were critically involved in

main (1abv; Wilkenst al,, 1997).
In the N-terminal domain structure of the bacterial

the energy coupling and catalytic activity of ATP synthase & subunit, the region corresponding to the N-terminal
(Nakamoto and Al-Shawi, 1995). The three segments sug-28 residues in OSCP, forms an N-terminaahelix, and
gested in the paper correspond to I, lll, IV regions in this residue 84, which corresponds to the residue 94 in OSCP,
study. The region II, which is unique in this study, is also is located within a loop connecting two other helices
believed to be important for the function of ATP synthases. (Fig. 4(A)). In the sequence alignment of OSCP (mito-

The four conserved regions of thesubunit are rearranged
into three patches in the structureyaf Three of the con-
served regions, I, I, and Ill, congregate into a conserved
patch (A) in the middle of the structure, and region IV

chondria) and thé subunit (bacteria and chloroplasts),
the N-terminal domain structure of the bacteéigubunit
includes four highly conserved residues. Three of these
(Tyr10, Alall, Alal3 in theE. coli sequence) are seen

segregates into two patches (B and C) at the upper part ofin the N-terminale-helix (Fig. 5). The other conserved

y (Fig. 3(A)).

In o and B subunits, on the other hand, the residues
conserved completely or completely with single variation
are largely localized on the side facing thesubunit,

residue in the N-terminal domain structure, Arg84 in the
E. coli sequence, is positioned closely to the three con-
served residues in the N-terminathelix. The detailed

examination of the four residues in the N-terminal do-

covered by nonconserved and weakly conserved residuesmain structure lead us to find that the residues Tyr10,

Among the conserved and g8 residues, those located
at the interface with the subunit directly interact with
the three conserved patches of this subunit (Fig. 3(B)).
The conserved regions afandg subunits from residues
S274 to G288, and E253 to L271 in tRe coli sequence,
respectively, interact with the conserved patch C ofythe
subunit. The conserved residues G335 to F348 ahd
Y297 to T310 ofp interact with the conserved patch B
of the y subunit. Residues A405 to D414 @fand D372

to K387 of 8 located in thex-helical domains of these
subunits interact with the conserved patch A-oBignif-
icantly, the three conserved patches of theubunit in-
teract differently with the three different conformational
forms of thex andp subunits (TP, DP, and E) (Fig. 3(B)).
The localized distribution of conserved residues in the
y subunit and the differential patterns of interactions of
the three conserved patches of this subunit with ¢he
and B subunits strongly suggest that these specific in-
teractions may be crucial for the rotary motor function
of F,.

Alal3, and Arg84 are aligned in arow on the surface of the
structure (Fig. 4(B)). The residue Alall is located within
the molecule behind the three residues. This four-residue
cluster is the only conserved site in the 105 amino acid
residue N-terminal domain. Most of the weakly conserved
residues within the domain are also positioned around the
four-residue conserved cluster. From the arrangement of
conserved residues, we suggest that the four-residue con-
served cluster plays an essential role in the interaction
of OSCP or the bacterial/chloropla&tsubunit with

(Fig. 4(C)).

Specific Interaction Sites at the Interface
of the F; and Fo Rotors

In ATP synthases, the rotor of the motor and the
rotor of the i motor are generally considered to be com-
prised respectively of thge subunit pair (or/§ in mito-
chondria) and the subunit ring. The two rotors have been
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Fig. 2. Sequence alignment of thg subunit. The conserved residues are in bold, and the residues
conserved completely, and completely with only a single deviation, are highlighted in shade. Note that the
residues conserved completely or completely with a single variation are clustered in four regions in the sequence
of y (I, I, I, and V). The letters M, C, and B in superscript denote the source of the sequence; mitochondria,
chloroplast, and bacteria, respectively.
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Fig. 2. Continued
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Fig. 2. Continued

reported to behave as one mechanical unitin ATP synthaseof the rotors of r and F, we aligned the sequences of the
(Tanabeet al, 2001). In mitochondrial ATP synthase, the three subunit types;, § (mitochondria) oe (bacteria and

¢ subunit, the counterpart of which is not present in bac- chloroplasts), andsubunits, and examined the conserved
terial or chloroplast ATP synthase, may also be a part of residues at the interfaces of the subunits in the available
the R rotor. Experimentally, the two motors of ATP syn-  crystal structures.

thase, Ir and Fy can be easily separated, and also can be The sequence alignment of suburshows that seven
reconstituted to form a functionabF; motor complex. residues are completely or highly conserved, and three of
The reversibility of the strip of | and reconstitution of ~ them (Arg41, GIn42 or Asn, and Pro43incolisequence)

F1 and R, indicate that the fFrotor and the krotor have are located facing fat the interhelical loop (Fig. 6 and
specific sites for interaction. On the basis of the current 8(A)). In the$ (mitochondria) ore (bacteria and chloro-
available X-ray crystal structural data of ATP synthase, plasts) subunit where the sequence alignments show five
one of the potential specific interaction sites is believed to completely or highly conserved residues all positioned in
be located at the interfaces between the rotors, cdrd the N-terminalg-sandwich domain (residues from 1 to
Fo where they e (bacteria and chloroplasts) g8 (mito- 84 in theE. coli sequence) (Fig. 7 and Fig. 8(B)), three
chondria) subunits of frotor have direct contacts with  completely or highly conserved residues (G43, G46, and
the subunit ring comprising the frotor. To gain insight H51 in the bovine sequence) are localized at the interface
into the potential specific interaction site at the interface with subunitc facing the interhelical loop of this subunit
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Fig. 3. Three conserved patches in the structure oftkabunit (1e79; Gibboret al,, 2000). (A) Four conserved
regions in the sequence of thesubunit are clustered into three patches (red) in the structure. (B) Each conserved
patch of they subunitinteracts with the conserved regions ofittaadg subunits in different patterns depending

on the conformations af andg subunits.
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Fig. 4. Location of the highly conserved four-residue cluster in the structure of the N-terminal domain of the
bacterials subunit, shown in cylinder (A) and surface (B) representations. The residues that form a four-residue
conserved cluster in the N-terminal domain, drawn in purple, are located on one side of the molecule, and three
of the residues are arrayed in a line on the surface of the molecule. Weakly conserved residues, colored in yellow,
are also localized on one side of the molecule around the four-residue conserved cluster. (C) Potential orientation
of the conserved cluster of the N-terminal domain of the bact&msaibunit or mitochondrial OSCP with respect

to thea trimer.

(Fig. 8(B) and (C)). On the other hand, the sequence align- the reconstitution process of Bnd K, and that the con-
ment of they subunits, and a search for the conserved served residues atthe interface of the two subunits [Arg41,
residues in the structure, show no completely or highly GIn42 or Asn, and Pro43 in suburt(E. coli sequence)
conserved residues at the interfaceyoéind c subunits. and G43, G46, and H51 in mitochondréabr the bacte-
Therefore, taken together, we suggest that interactions be-ial ¢ subunit (bovine sequence)], play a key role in rotor
tween subunit and thes subunit are directly involved in  connections.
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Fig. 5. Sequence alignment of OSCP (mitochondria) &rfdacteria and chloroplasts) subunits. Highly and weakly
conserved residues are highlighted in bold and shaded in purple and light yellow, respectively. The residues that form
a four-residue conserved cluster in the N-terminal domain (residues 1 to 105Endbk sequence) are indicated by
arrows.* P. modestunis Na*-ion specific.
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Fig. 5. Continued
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Fig. 5. Continued
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Mitochondrial OSCP
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Fig. 5. Continued
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Mitochondrial OSCP
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Fig. 5. Continued

Hong and Pedersen



ATP Synthases

1

[ L L R LT A A
s T s T s s s e s T T s e e LA
Bm = mmm e s e e = === G LA
R e e L e F e b e b e e«
e e e {1 8
e e B T e e e B A et
Bl = m s mm mmmmm mm ==HV T LGS
[ T O [ Wiy o o Aotk LTl it
BAS TRV LRSS R LA R S A K VAPV AL S ERT 1 O S P LT LERTONT S I VHATTROAFOERAY SSE T AOAMYEY
MY ACSE VS TRSLI AET SOLLERPLER Y ELER PONPFTOECLECIAVERPL--TELT PERE - FOTEAT SO~~~ - LT
MY TCAKFYET PEL] RRTSTVLERS LAV VVRRFET LT IESHS SLAVYPRPLT TELT FORE - FOTIA L 8B 0-—-- 1 TTA
MFARCAKLACT PELIRASIRVAYRFI SAS VLS RPEASRTOEGE TV PHGA NI - VEOLICRE-FOTaAT 8R0-—--- TETA

et et A 411
B e e 0 0 e 00 0 0 0 . e e i i i LA
[ B R T rrrrrrresr e s s s e n e e e nm e ren n me s w LG
e T Tt X -
R T 1 111

T e LT T E R N 1

e R T 121 =1 P
et R o1} Lt ¥
R e e F e P
T 0 0 B B e e e = W P T TEAA
B me s sm s e e e e . reeesmrreermer e eme ree e nfPL L ARN
[ e el Kt LIl I W ML T R IR T P FIICAE Nt 5= PSP o sy 5, Y
Lt e e Ll TN E YT
e NN T ¥ Y
B o o o = ] A,
o AR S S S s s s s = s =P TERER
e R B e R R Sy g
Blmm o e e e w VLA TS LA
M= mmmm e mmm s s n e o e e e == EFLALFFLALYC VAT AH DO GHGGHIM Y
Boom oo mm s s s e e e e e e e e - ERVRET LATYGV T LOOT T TOOVRASAEL
B = e e e e e e e e - - EHVWE ] LATYGRI LHETTTANTHVANES TERL
Bessmsssssssssssssssssnssasssnssnnsesesanssnsses-HEALMAL LTAINEATAMANEGEAS VAL
PRI O 0 0 0 o o o Himnnm

P T T S e ==
T o o O O O O O O 0 0 i o e e i [
S S S S S —————————
IR s By s i A o sl i e e il oy Sy i ey oo oo Sl - i o il s i
T et et 1= 4 X101

e e e s el e e b e e T L TU

[ EEEE R Ll LR L LD L D e L e 5 - BT ]
[ et e L L L L L L T S IEn ]

| T T T L L T TR R L e R E n b0 i

-

111

Fig. 6. Sequence alignment of subunitCompletely, highly, and weakly conserved residues are highlighted in bold and shaded in red, purple,
and yellow, respectively. The TM1 and TM2 below the sequences represent transmembrane helices. The interhelical “loop” region is indicated
by a red dotted underline.
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Hong and Pedersen
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Fig. 6. Continued

Length and Dimerization Domain
of Mitochondrial Subunit B

The mature mitochondrial sububits approximately
1.2-1.4 times longer than that of bacterial subumit
Bacterial subunib forms a dimer atits C-terminal domain,
and in recent studies using tRecoliprotein, residues 53—
122 were reported to form this dimer, which can span 100—
110A (Dunnetal, 2000; Revingtoret al, 1999, 2002). In
mitochondrial subunib, no studies have been performed

on the dimerization domain. To predict the dimerization
domain of mitochondrial subuniit, we aligned and com-
pared sequences of subunits from bacteria, chloroplasts,
and mitochondria, and then used the coiled-coil prediction
algorithm, which is based on the relative frequency of oc-
currence of amino acids at each position of the coiled-coil
heptad repeat (Lupa al,, 1991).

In the sequence alignment of subumiho significant
homologies are found between mitochondria and bacte-
ria, and between mitochondria and chloroplasts (Data not
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& subunit from mitochondria

“¥east

YA, bigporus
UM, eranig
UK. lmouis
“Bovine
“Human

“Hat

", elepans
“Sweel potato
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£ subunit from bacteria and chloroplasts

A, colummaris
"Wheat

' Barley

' Malze

'Rbee

A thaltana
'Spinach
"Sweel potato
'Tobacoo

" Adfalla

'Pea

'Morway spruce
' Japanese black pine
' Liverwaort
L rednhardiii
" vulparis

' E, pracilis

Y ealdariim
P purpuren
ik simensiv
LP. lireeralis

Fig. 7. Sequence alignment of subun&gmitochondria) and: (bacteria and chloroplasts). Conserved residues are

o T B
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R —

S ———

et et R

B o o o

P v o o o o

R

highlighted the same as in Fig. 6
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Fig. 8. Conserved interaction sites at the interface of rotorg @il Fp. The conserved residues in subunfmitochondria) oe
(bacteria and chloroplast) and suburare numbered according to bovine sequencdandlisequence, respectively. (A) Location

of the conserved residues in the structure of bacterial sub(thitl 7; Rastogi and Girvin, 1999). Completely and highly conserved
residues are drawn in red. (B) Location of the conserved residues in the structure of mitochdiitle@dd; Gibbonst al,
2000). The conserved residues colored in red are located mainly in the N-tegrsaaldwich domain. (C) Interaction of the
conserved residues of mitochondréalor ¢ in bacteria and chloroplasts) with the conserved cluster at the interhelix loop of

subunitc.

presented). There is some sequence homology between théE. colisequence), which is located at the region between
sequences from bacteria and chloroplasts, but the degreghe membrane spanning helical domain and the coiled-coil
of conservation is fairly low. The sequence alignment of dimerizationdomain, is completely conserved. In contrast,
subunitb from nonphotosynthetic eubacteria shows that the sequences of mitochondrial subumitre fairly differ-

the homology is fairly weak. Only one residue, Arg36 entfrom those from bacteria and chloroplasts. Apart from
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Fig. 10. Probability of forming coiled-coils and hydropathy plots for subtrfitom bacteria and mitochondria.

The dimerization domain of mitochondrial sububis predicted to be about half that of the bactebiaubunit.

The predicted membrane-spanning domains are shaded in gray in the hydropathy plots. For the prediction
of coiled-coil domain, the algorithm of Lupast al. (1991) was used. It is based on the relative frequency

of occurrence of amino acids at each position of the coiled-coil heptad repeat. For the hydropathy plot, the
hydropathy index by Kyte and Doolittle (1982) was used.

the length of sequence, the sequence alignment of mito-the human sequence, which is about half that found for

chondrial subunib from seven different sources shows bacterial subunib. From the sequence alignments and

that more than 20 residues are completely conserved, andanalyses of subunit, it is interesting to speculate that the

that the conserved residues are located fairly even alongmitochondrial subunib has maintained both high con-

the sequence (Fig. 9). servation of protein sequences and a shorter dimerization
In the sequence analysis of bacterial subhifdtr the domain for the purpose of interacting with one or more

coiled-coil region, as shown in Fig. 10, the sequence from supernumerary subunits.

~50t0~130 (or 140) inthé&. colisequence is predicted to

form a dimer, which is in line with the study on the dimer- NOTE

ization domain of thé. coli subunitb mentioned above.

In contrast, the coiled-coil domain for dimerization in the Just prior to the acceptance of this manuscript, a very

mitochondrial subuntbis predicted to be much shorter,al- nice experimental paper was published describing that the

though the length of the mitochondrial sequences is longer helices 1 and 5 in the N-terminal domain of bacteéial

than that of bacterial sequences. Specifically, the dimer- which is equivalent to mitochondrial OSCP, provide the

ization domain of mitochondrial suburitis predicted to binding surface ob to F, [Weber, J., Wilke-Mounts, S.

encompass the sequence from about residue 80 to 120 irand Senior, A. E. (2003). Identification of the-Binding
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Surface on thé-subunit of ATP Synthasd. Biol. Chem.

278 13409-13416]. The conclusion in the paper obtained
using the fluorescence spectroscopic analysis of the Trp

residues in thé subunit well supports our conclusion de-

rived from the bioinformatic analysis of the sequences of

mitochondrial OSCP and bacterial/chloropl&subunits,

that the four-residue conserved cluster in the subunit plays

an essential role in the interaction of the subnit withaF
the interface.
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